Standard-calcium (SCa) and reduced-calcium (RCa) half-fat (16%) Cheddar-style cheeses 27 with full-salt (1.9%) or half-salt (0.9%) were made in triplicate, ripened for 270 d, and 28 analysed for composition and changes in lactose metabolism, pH, proteolysis, water-sorption, 29 fracture properties and heat-induced flowability during maturation. The pressing load applied 30 to the moulded cheese was modified to ensure equal moisture in all cheeses despite the 31 differences in salt and calcium levels. The RCa cheeses were characterized by higher primary 32 proteolysis (α s1 -casein degradation, pH 4.6-soluble N development), lower secondary 33 proteolysis (concentration of free amino acids), higher water-holding capacity on reducing 34 relative humidity from 85 to 5%, lower fracture stress and strain, and more extensive flow on 35
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Introduction 51
Health guidelines generally recommend that people in the developed world consume less fat, 52 salt and sugar, as high consumption of these nutrients coincides with increased risk of heart 53 disease, stroke and type 2 diabetes (Mozaffarian, 2016) . Consumer research indicates that 54 food labels with 'reduced-fat', 'fat-free' and 'reduced-sodium' are appealing to consumers 55 (Kim, Lopetcharat, Gerard, & Drake, 2012); consequently, many food companies, including 56 cheese manufacturers, are interested in developing reduced-fat and reduced-salt products to 57 increase market share (Pinto et al., 2016) . 58
Fat reduction in cheese is generally associated with a firmer and more rubbery texture, 59
lower opacity, poorer baking/grilling quality (lack of flow, too little free oil, dryness, 60 crusting/puffing), and altered or, sometimes, unacceptable flavour attributes (e.g., umami) 61 The objective of the current study was to evaluate the influence of calcium reduction 103 on the compositional, biochemical and textural properties of reduced-fat Cheddar cheeses 104 with full (1.9 %) or half (0.9 %) salt, while maintaining equal moisture content in all 105 treatment cheeses. 106 107
Materials and methods 108
Cheese manufacture 109
Previous studies that have shown that in the absence of process intervention moisture content 110 of cheese increases on reducing calcium content, via pre-acidification of cheese milk (Guinee 111 et al., 2002) or reducing salt content (McCarthy et al., 2015) . Hence, preliminary trials were 112 undertaken to establish make procedures which gave moisture normalization across cheeses 113 with different salt and calcium levels. Based on these trials, slight changes, as summarized in 114 Table 1 , were made to the manufacturing procedures to ensure similar moisture content in all 115 cheeses. 116
Half-fat (16 % fat) full-salt (1.9 %) and half-salt (0.9 %) Cheddar cheeses with 117 standard-or reduced-calcium content were each prepared from milk which was standardized 118 to a protein-to-fat ratio of 2.65, pasteurized at 72 °C for 15 s, cooled to 31 °C and pumped to 119 M A N U S C R I P T Ireland) at a rate of 0.18 ml L -1 . The gel was cut at a firmness of 45 Pa, and the curd whey 127 mixture was cooked to 38 °C at a rate of 0.25 °C min -1 . When the pH of the whey expressed 128 from the curd particles reached 6.20, the whey was removed; the curd was recovered in a 129 finishing vat, held at ~ 38 °C until the pH reached 5.55, milled into chips (size ~ 2.8 × 1.25 × 130
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1.25 cm), dry-salted at a level 2.25 % (w/w), mellowed for 20 min while mixing at 5 min 131 intervals, moulded into 20 kg blocks which were pre-pressed for 30 min. Pre-pressing 132 involved an initial pressure of 0.085 kPa, turning the cheeses after 10 min, increasing the 133 pressure to 0.127 kPa, turning after 20 min and increasing the pressure to 0.17 kPa and 134 pressing for a further 10 min; the total pre-pressure loading (pressure x time) was 3.82 kPa 135 min. Following pre-pressing, the cheeses were pressed at a pressure of 2. The manufacture of the reduced-calcium cheeses involved cooling of the pasteurized 141 milk to 29 °C, and pre-acidification of the milk to 5.8 using a 10 % (w/w) lactic acid solution 142 in de-ionised water (Water Technology Ltd, Togher Industrial Estate, Co. Cork, Ireland) 143 while constantly stirring. Otherwise, the differences in manufacture between the SCa and 144
RCa cheeses are summarized in Table 1 . 145 
Secondary proteolysis 184
The levels of individual free amino acids (FAA) in the pH 4.6-SN extract were determined 185 using high performance cation exchange column with a Jeol JLC-500V AA analyser (Jeol 186
Ltd., Tokyo, Japan), as described by Fenelon and Guinee following rheological parameters were calculated from the resultant force/time curves: 210 firmness (σ max ), defined as the force at 70 % compression; fracture stress (σ f ), the force at 211 fracture as determined from the inflection point of the force/time curve; and fracture strain 212 (ε f ), the displacement at fracture expressed as a % of original sample height. 213 214
Meltability of the heated cheese 215
The flowability was assessed using a modification of the Schreiber and Olson-Price methods 216 (Guinee & O'Callaghan, 2013). The former is indicative of the melting behaviour of cheese 217 when exposed as a topping (e.g., open sandwich) during oven heating, and the latter when the 218 cheese is covered, or largely covered, during cooking (e.g., as a cheese slice in hamburger). 219
For the Schreiber method, a disc of cheese, 4.75 cm in diameter and 4.5 mm in height, was 220 placed on a circular glass dish and heated for 4 min at 280 °C in a convection oven (Binder 221 FD 35, Binder GmbH, Tuttlingen, Germany). After cooling to room temperature, the 222 diameter of the cooled cheese was measured at four locations, and the flow during heating 223 was defined as the % increase in mean diameter of the cheese disc. Tukey's multiple-comparison test was used to identify the statistically significant differences 241 (P < 0.05) between different treatment levels. Regression analysis, performed using 242
Microsoft Excel 2010 software, was used to investigate potential relationships between some 243 variables (e.g., flowability and intact casein); the significance of correlations was determined 244 by applying Student's t-test to the correlation coefficient (r), where n is the actual number of 245 data points, and df is the degrees of freedom (n-2). 246
The composition of the different cheeses is shown in Table 2 . Reducing calcium had little 250 effect, apart from giving a slight, but significant, increase (1 %, w/w) in fat-in-dry-matter 251 (FDM). The higher FDM in the RCa cheese most likely occurred as a result of the small 252 numerical, but insignificant, differences in the levels of fat, moisture and protein between the 253 RCa and SCa cheeses. Reducing salt content led to a lower content of S/M, but otherwise had 254 no effect on composition. 255 The levels of lactose decreased significantly in all cheeses during ripening, from ~ 0.20 % 268 and 0.15 % in the FS and HS cheeses, respectively, at 14 d to ~ 0 % at 150 d (Fig. 1a, 1b) . 269
Simultaneously, the concentration of total lactate increased from ~ 1.48 % at 14 d to 1.6 to 270 1.7 % at 270 d (Fig. 1c, 1d ). Reducing calcium content did not affect the concentrations of RCaHS cheeses, with the difference becoming more pronounced with ripening time (Table 3) . 287
The lower pH of the RCa cheeses is consistent with their lower ratio of phosphorous-to-288 lactate ( Table 2 ), considering that phosphate is a major pH buffering component in cheese 289 . 290
Reducing the salt content of the SCa cheese did not significantly affect the mean pH 291 over ripening, but resulted in a significantly lower pH in the RCa cheese ( Fig. 1e and 1 
f). 292
The different effect of salt on the pH of the SCa and RCa cheeses may be due to the larger 293 decrease in S/M and phosphorous/lactate ratio on reducing salt in the RCa cheese compared 294 to the SCa cheese. 295 296
Proteolysis 297
Urea-PAGE
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Both α s1 -and β-caseins were increasingly hydrolysed during maturation (Fig. 2a, 2b, 2c ), the 299 former into α s1 -casein f24-199, f102-199, and f33-*, and the latter, into β-casein fractions 300 f29-209 (γ 1 ), f106-209 (γ 2 ) and f108-209 (γ 3 ), as identified by Mooney, Fox, Healy, and 301
Leaver (1998). Simultaneously, the concentrations of intact and α s1 -and β-caseins decreased 302 significantly (Table 3) . 303
Reducing calcium content of the FS and HS cheeses accelerated the degradation of 304 α s1 -casein, with minimal effect on the hydrolysis of β-casein. Hence, the concentration of 305 intact α s1 -casein in the RCaFS and RCaHS cheeses was significantly lower than that of the 306 corresponding SCaFS and SCaHS at all ripening times (Table 3 , Fig. 2a, 2b ). The level of 307 α s1 -casein f24-199, the primary degradation product of α s1 -casein, in the RCaFS and RCaHS 308 cheese was significantly higher than that in the SCaFS and SCaHS cheeses at 14 d, but 309 significantly lower at all other times owing to its degradation into various peptides, including 310
1998). The hydrolysis of β-casein was minimally affected by reducing calcium content, apart 312 from the occurrence of β-CN (f1-192), which was found at higher levels in the RCa cheeses 313 at all time points (Fig. 2a, 2c ). Compared to calcium, salt content did not significantly 314 influence casein hydrolysis. 315 316
Soluble N 317
The levels of pH 4.6-SN, as a % of total N, increased significantly in all cheeses over the 318 270-day ripening period (P < 0.05), from ~ 4 % of total N at 14 d to ~ 15 to 20 % of total N 319 at 270 d (Fig.3a, 3b ). 320
Consistent with the higher proteolysis of α s1 -casein in the RCa cheeses, the mean 321 level of pH 4.6-SN in the RCaFS and RCaHS cheeses over ripening was significantly higherM A N U S C R I P T
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14 interaction between calcium content and ripening time with the difference in pH 4.6-SN 324 between the SCaFS and RCaFS cheeses becoming more pronounced as ripening progressed 325 (Table 3) . A similar trend was found for WSN, the magnitude of which was on average ~ 326 1.25 fold that of pH 4.6-SN for all cheeses (data not shown). In contrast, reducing salt had no 327 significant effect on levels of pH 4.6-SN or WSN in the SCa or RCa cheese. 328 329
Free amino acids (FAA) 330
The concentration of total FAA increased significantly in all cheeses during maturation (Fig.  331 3c, 3d). In contrast to the trend for pH 4.6-SN, the mean level of FAA in the SCa cheeses 332 (SCaFS, SCaHS) over ripening was significantly higher than that in the RCaFS and RCaHS 333 cheeses. The effect of calcium content was interactive with ripening time, whereby the 334 difference between the SCa and RCa cheeses increased with ripening time, e.g., from ~ 400 335 mg kg -1 at 14 d to ~ 1500 mg kg -1 at 270 d for the FS cheese (Table 3) (Fig. 4c, d ). This trend concurs with the concurrent increase in protein hydrolysis 357 ( Fig. 2 and 3) , which involves the splitting of peptide bonds and water uptake, and the 358 reduction in a w . Consequently, the water-to-protein ratio (WPR) of the desorbed cheese 359 increased significantly (Fig. 4e, f) . 360
The moisture loss during desorption in the FS and HS cheeses increased on reducing 361 calcium reduction (Fig. 4b, c) . The WPR at 5% RH, an index of the water-holding capacity of 362 the calcium phosphate para-casein network, increased significantly as calcium content was 363 reduced in the FS and HS cheeses and was significantly affected by the interaction between 364 calcium content and ripening time (Table 4 ; Fig. 4e, f) . 365
Opposite to the effect of calcium, reducing the salt content of the SCa and RCa 366 cheeses led to a significant reduction in the mean WPR over maturation, with the effect being 367 interactive with ripening time in the case of the RCa cheese where the effect of salt became 368 more pronounced during ripening. 369 370
Fracture properties 371
The σ f and ε f decreased significantly in all cheeses during maturation ( Fig. 5a-d ; Table 4 ); a 372 similar trend was noted for firmness (σ max ) (data not shown). Reducing calcium content had aM A N U S C R I P T
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16 significant effect, with the mean σ f , ε f , and σ max of the RCaFS and RCaHS cheeses over 374 ripening being significantly lower than that of the respective SCaFS and SCaHS cheeses. 375
It is also noteworthy that the values of σ f and σ max of SCaHS and RCaHS cheeses 376 were significantly lower than those of the corresponding SCaFS and RCaFS cheeses, despite 377 their similar moisture content. An opposite trend was noted for ε f , which was higher in 378
SCaHS than in the SCaFS, but lower in RCaHS than in RCaFS. 379 380 3.9 Meltability of the heated cheese 381
The flowability on heating as measured by the Olson-Price (Fig. 5e, f) and Schreiber (data 382 not shown) methods increased significantly during maturation (Table 4) 
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19 been a significant factor contributing to the higher primary proteolysis in the RCa cheeses as 449 the supported by the lack of significant differences between the RCa and SCa cheeses in the 450 extent of degradation of β-casein (Fig. 2a, c) 
The effect of reducing calcium content on the composition, lactose utilization and texture 498 properties of full-salt and half-salt variants of half-fat Cheddar cheeses was investigated. 499
Despite differences in the contents of calcium phosphate and salt, moisture normalization was 500 achieved across all cheese treatments by adjusting pressing load (pressure x time) applied to 501 the moulded cheese. Reducing calcium content from ~ 1060 to 890 mg 100 g -1 resulted in a 502 lower phosphate-to-lactic acid ratio, lower pH, more rapid α s1 -casein degradation, and lower 503 levels of free amino acids. These changes coincided with the reduced-calcium cheeses having 504 lower fracture stress, fracture strain and firmness and higher flowability when melted. Similar 505 trends were found for the effects of reducing calcium in both full-salt and half-salt cheese 506 variants. Hence, reducing calcium would appear to be particularly amenable as an approach 507 to improve the texture and cooking properties of reduced-fat reduced-salt cheeses, especially 508 when used in conjunction with a moisture normalization manufacturing protocol to avoid the 509 negative effect of higher moisture level in cheese with reduced salt content. 4.6-soluble N expressed as % total N; FAA, free amino acids. There were 1 degrees of freedom (df) for calcium content; 5 df for ripening time except 34 in the case of starter and NSLAB where there were 4 df; and 5 df for interaction of calcium and ripening time except in the case of starter and NSLAB 35 where they were 4 df. The significance for changes in the studied parameters are presented as follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001. ratio at 5 % relative humidity; Flow-Sch, flowability determined using the Schreiber method; Flow-PO, flowability 45 determined using the Price-Olson method. There were 1 degrees of freedom (df) for calcium content; 5 df for ripening time, 46 except in the case of WPR where there were 4 df; and 5 df for interaction of calcium and ripening time, except in the case 47 of WPR where there were 4 df. The significance for changes in the studied parameters are presented as follows: *, P < 48 0.05; **, P < 0.01; ***, P < 0.001. 
